Saccharomyces cerevisiae can utilize allantoin as a sole nitrogen source by degrading it to ammonia, "CO2," and glyoxylate. We have previously shown that synthesis of the allantoin degradative enzymes is contingent upon the presence of allophanate, the last intermediate in the pathway. The reported repression of arginase by ammonia prompted us to ascertain whether or not the allantoin degradative system would respond in a similar manner. We observed that the differential rates of allantoinase and allophanate hydrolase synthesis were not decreased appreciably when comparing cultures grown on urea to those grown on urea plus ammonia. These experiments were also performed using the strain and conditions previously reported by Dubois, Grenson, and Wiame. We found allophanate hydrolase production to be twofold repressed by ammonia when that strain was grown on glucose-urea plus ammonia medium. If, however, serine or a number of other readily metabolized amino acids were provided in place of ammonia, production of the allantoin degradative enzymes was quickly (within 20 min) and severely repressed in both strains. We conclude that repression previously attributed to ammonia may result from its metabolism to amino acids and other metabolites.
Growth of Saccharomyces cerevisiae using allantoin or urea as sole nitrogen source is predicated upon its possession of five enzymes catalyzing the degradation of allantoin as shown in Figure 1 . We have shown that synthesis of at least four of the five pathway enzymes is contingent upon the presence of allophanic acid, the last pathway intermediate (1, 2, 19) . More recently, data have been obtained indicating that response of allophanate hydrolase to addition and removal of inducer is strikingly rapid (6) . Many of these experiments, however, were performed in excess ammonia (0.1%) and as such must be reconciled with numerous reports indicating that allantoin and arginine degradation is sensitive to "ammonia repression." Van de Poll and his collaborators (12, 13, 16, 18) reported an extensive series of experiments characterizing the abilities of various carbon and nitrogen sources to repress and derepress allantoinase in S. carlsbergenesis. These data, however, are complicated and compromised by the fact that varying concentrations of Casamino Acids were added to the growth medium as a stimulatory agent for allantoinase. In view of the demonstration that allophanate, an eventual degradation product of arginine, is the inducer of allantoinase in S. cerevisiae, it is likely that most of their experiments monitored some combination of induction and repression of allantoinase synthesis. These authors did, however, make the interesting observation that the specific activity of allantoinase was decreased when cultures were grown in the presence of certain amino acids.
Repression of arginase synthesis has been extensively examined by both Middlehoven (7, 8) and Wiame (3, 20) . The latter authors (3) report that cells growing in the presence of ammonia plus arginine or urea exhibit an 8-and 13-fold decrease in thei specific activities of arginase and urea amidolyase, respectively, as compared to cells grown on arginine or urea alone.
In view of these results, we initiated a thorough study to define the physiological conditions necessary for repression of the allantoin degradative pathway. Our studies were greatly aided by the availability of oxaluric acid, a non-metabolizable inducer of the allantoin system (11) . Use of this gratuitous inducer permitted us to divorce induction of the system from its metabolism and hence to monitor the effects of single nitrogen sources upon the differential BOSSINGER, LAWTHER Fig. 2 and was prepared as described earlier (5) . Cell density measurements were made turbidimetrically as described by Sumrada and Cooper (11) .
Isolation and identification of the soluble amino acids. Procedures for determination of amino acid pools are similar to those used by Moat et al. (9) . Strain M-25 was grown in medium containing 0.6% glucose and 0.1% of the nitrogen source except in the following cases: (i) lactate medium contained 2.0% lactate and ergosterol (6 mg (3)-an inherent difference in the sensitivities of the two different strains being compared, or differences in the medium upon which they were grown. The contribution made by each of these possibilities was determined by comparing the differential rates of allophanate hydrolase synthesis observed for the two strains grown in the two types of media. Our wild-type strain, M-25, was grown on our standard minimal medium using urea as sole nitrogen source and on the medium reported by Dubois using ammonia, ammonia plus urea, or urea as sole nitrogen source. As shown in Fig. 2A much higher amounts of enzyme were observed in cells grown on the latter medium. To interpret the data from this type of experiment appropriately, the terms specific activity and differential rate of synthesis must be clearly distinguished. The specific production of a given enzyme and is usually reported as the amount of enzyme activity produced during a given amount of balanced growth or a given amount of amino acid incorporation into hot trichloroacetic acid-precipitable material. In Fig. 2A the slopes of the lines are the differential rates of allophanate hydrolase synthesis while the amount of activity at any of the points divided by the amount of protein in that sample is the specific activity. The point to be emphasized is that the specific activity of an enzyme is not always an accurate reflection of its differential rate of synthesis. This is exemplified by considering the amounts of allophanate hydrolase observed in cells grown on the medium used by Wiame's laboratory and our medium with urea as sole nitrogen source (Fig. 2 ). The ratio of differential rates of allophanate hydrolase synthesis observed in these media is 1.61. However, the ratio of the specific activities of this enzyme at 25 Klett units is 2.85. Growth of cells in the medium of Dubois et al. clearly results in a much higher amount of enzyme per cell, but not in a greatly increased differential rate of synthesis. Inspection of the components which made up these two media reveals that the major difference in them was the inclusion of a large quantity of citrate in the medium used by Dubois et al. To ascertain whether or not it was citrate that was responsible for the differences we observed, the experiment described above was repeated in our medium in the presence and absence of citrate. As shown in Figure 2B citrate clearly accounts for the observed differences. The means by which citrate elicits this response, however, remains obscure. Differences in sensitivity to "ammonia repression" were determined by growing the haploid wild-type strain, (Fig. 3) . The asparagine-grown cells contained barely measureable amounts of activity which could not be increased by addition of inducer. However, a wide range of repression is observed if several amino acids are surveyed (Tables 3 and  4) . Included in these tables are the amounts of activity found at the time of inducer addition and the differential rate of enzyme synthesis in its presence and absence. Note that the uninduced level of these enzymes is also greatly influenced by the degree of repression exerted upon the cells.
To demonstrate that an amino acid must be able to serve as a nitrogen source if it is to bring about repression, the effects of D-and L-asparagine upon allophanate hydrolase synthesis were followed. D-Asparagine, which alone will not support cell growth, has little effect upon the rate of allophanate hydrolase synthesis, whereas the L isomer of the same amino acid totally repressed synthesis (Fig. 4) . The growth rates of the three cultures used in this experiment were 120, 125, and 120 min for ammonia, ammonia plus D-asparagine, and ammonia plus L-asparagine, respectively. It is possible that the decreased rate of enzyme production in the presence of D-asparagine is the result of a general inhibition of protein synthesis, because the growth rate of that culture was slightly depressed. The data in Fig. 5 demonstrate that the extent of repression is related to the amount of amino acid present, albeit in a complex manner. Van Nitrogen repression of (A) allophanate hydrolase and (B) allantoinase synthesis in a wild-type strain of Saccharomyces cerevisiae (M-25). The culture and enzyme assay procedures were similar to those described earlier (2) . Sources of nitrogen in both (A) and (B) were 0.1% ammonia (-) and 0.1% asparagine (U, A). Oxaluric acid, a non-metabolizable inducer of the allantoin degradative system was added (0.25 mM final concentration) at a cell density of 25 Klett units to the ammonia culture (0) and one of the asparagine cultures (A). Fig. 2, 3 , and 4. Fig. 2, 3, and repression. The differential rate of allophanate hydrolase synthesis in cells growing on ammonia plus alanine is much lower than would be expected from the rates observed in cells grown on either alanine or ammonia alone (Fig. 6 ). To ascertain whether or not these synergistic effects were the result of expanding the intracellular pool of ammonia, the quantities of basic amino acids in cultures of strain M-25, grown on various nitrogen sources, were determined. No correlation can be drawn between the size of the intracellular pool of ammonia and the degree of repression exerted by a given compound ( Table  6 ). The basic amino acids arginine, lysine, and omithine vary greatly depending upon the nitrogen source provided, whereas ammonia varies only slightly and in an unpredictable manner, i.e., there is more ammonia in cells grown on allantoin and urea than there is in cells grown on serine and asparagine. Time course of nitrogen repression. Studies directed toward elucidation of the mechanism underlying repression of the allantoin degradative system must begin with an analysis of the time course of its onset. To this end a culture was grown to a cell density of 15 Klett units. At that time the culture was divided into three equal portions, two of which received urea. The uninduced culture and one of the induced cultures were sampled at 5 Klett unit intervals for a period of two generations. The third culture was sampled in like manner, but glutamine was added at a cell density of 25 Klett units. The full effects of repression were exerted before the next point was taken, both in the case of allantoinase and allophanate hydrolase (Fig.  7) . Note production. It may be significant that regulation of arginine degradation is subject to the same influences exerted upon the allantoin degradative pathway. In our earlier work (2) it was suggested that induction of arginase and its subsequent action upon arginine could bring about induction of the allantoin degradative system. The data shown in Fig. 8 measure the extent to which this may be accomplished. It is clear that, when cells are growing on arginine as sole nitrogen source, the allantoin degradative enzymes are not fully induced. This is shown by Fig. 2, 3 , and 4. 
DISCUSSION
We have demonstrated that sensitivity to ammonia repression varies somewhat from strain to strain. However, the extent of repression exerted by ammonia is minor when compared to that seen with various readily utilized amino acids. The experiments presented argue that the extent of repression cannot be correlated with the ammonia content of a culture. This suggests that repression attributable to ammonia is likely the result of its being metabolized to transaminatable amino acids within the cell. This is in close agreement with a preliminary report from Van de Poll (14, 15) indicating that a strain of S. carlsbergenesis lacking nicotinamide adenine dinucleotide phosphate (NADP)-specific glutamic dehydrogenase was not subject to ammonia repression, but was strongly repressed by asparagin. In view of these facts it is reasonable to suggest that ammonia per se is not the molecule that brings about repression of various degradative systems and may, therefore, be more appropriate to term the phenomenon nitrogen repression. Roon and Even (10) reported that asparagine and glutamine addition to cultures growing on ammonia decreased the specific activity of NADP-specific glutamic dehydrogenase. These observations may also be related to the phenomenon of nitrogen repression.
Although this investigation has defined the physiological conditions of repression, we are merely at the threshold of studies directed toward elucidation of its mechanism. A step toward this goal was made with the observation that the onset of repression occurs very soon after the addition of an appropriate amino acid. Such a swift response may be particularly meaningful in view of the experiments reported by Lawth4r and Cooper (6) . They demonstrated that 3 min elapse between addition of inducer to a culture and the appearance of active allophanate hydrolase. Also reported was the observation that removal of inducer resulted in a rapid loss (half life of 3.25 min) of the capacity to produce hydrolase. It may be significant that addition of glutamine to a culture (Fig. 8 ) results in nearly complete loss of the capacity to produce enzyme within approximately 20 min. This is consistent with a synthetic capacity half-life in the vicinity of 3 min.
